Abstract: The aim of this study was to compare bone augmentation height and mechanical strength after implantation of tetrapod-shaped granular artificial bone (Tetrabone® [TB]), hydroxyapatite granules [HA], -tricalcium phosphate paste [P ] or autogenous onlay bone grafts (veneer graft [VN]). Forty-five 6-week-old male Wistar rats were used. The graft materials were implanted in the left tibial subperiosteal pocket. Bone augmentation was evaluated by computed tomography (CT), mechanical testing and histological observation immediately after surgery (0 weeks) and 4, 8, and 12 weeks later. The augmentation height was measured in CT images and the proportion of bone augmentation was calculated as the ratio of 12 weeks/0 weeks. TB aggregates were smooth in shape compared with HA aggregates. The augmentation height was significantly higher in the TB group than in the VN group. At 12 weeks, bone stiffness was significantly higher in the TB group than in the HA and P groups, and very similar to that in the VN group. TB presented good shape stability and mechanical strength. TB might be useful for bone augmentation of flat bone area as compared with other currently used artificial graft materials. Future studies should focus on the clinical application of TB grafts.
Introduction
The vertical height of the alveolar ridge decreases with ageing and upon trauma, inflammation and tumor resection. An atrophied alveolar ridge cannot sustain the support of dentures or dental implant. Autogenous bone grafting is the standard method for patients who need bone augmentation before prosthetic treatment. However, the technique is invasive and the graft bone is limited in amount and will be absorbed with time.
Artificial bone has excellent bone conductivity and there are no limits on supply. Hydroxyapatite (HA) granules [1] [2] [3] andtricalcium phosphate paste (P ) [4] [5] [6] are widely used as bone substitutes in patients with fractures, bone defects or absorption of the alveolar ridge 7, 8) . On the other hand, animal studies have led to the developments of new techniques, including autogenous bone onlay grafting [9] [10] [11] [12] and artificial bone block 3, 6, [13] [14] [15] [16] [17] [18] .
In the present study, we used tetrapod-shaped artificial bone made of -tricalcium phosphate granules of uniform size 19) .
Previous studies using so-called Tetrabone ® (TB) have been successful in the repair of bone defects [19] [20] [21] [22] [23] , indicating that TB is osteoconductive and biocompatible. We hypothesized that it is possible for TB aggregates to form new bone ridge at the bone flat area and to prove useful for bone augmentation before prosthesis and implant. Therefore, we aimed to compare bone augmentation height after implantation of TB with other artificial bone grafts (HA and P ). Autogenous veneer bone grafting was used as positive control.
Materials and Methods

Graft materials
TB is a form of tetrapod-shaped granular artificial bone developed by injection molding of -tricalcium phosphate
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Six-week-old male Wistar rats (n = 45) weighting 0.10-0.15 kg were purchased from Sankyo Labo Service Corporation (Tokyo, Japan). The animals were kept in standard metal cages in an experimental animal room (22°C, 55% humidity, 1 atm, 12-h light/ dark cycle) and fed a standard laboratory diet and water. This study was approved by Nihon University Animal Care and Use Committee (AP10D020).
Operation
General anesthesia was administered by intraperitoneal injection of pentobarbital sodium (50 mg/kg; Kyoritsu, Seiyaku Co., Tokyo, Japan). Local anesthesia using 2% lidocaine (xylocaine containing 1:80000 epinephrine; AstraZeneca, Osaka, Japan) was used during all surgical procedures. We shaved the left shin area of each rat, and made a 20 mm skin incision on the left shin using a scissors. Then, we made a 15 mm incision along the bone surface of the medial aspect (about 5 mm down from the proximal metaphysis of the tibia) using a scalpel. The fascia and periosteum were also incised and the subperiosteal lateral aspect of the tibia was exposed. Subsequently, TB, HA and P (each, n = 12) were implanted on exposed bone surface subperiosteal space for bone augmentation. In the same way, the lateral aspect of the right tibia was exposed. A piece of cortex (2.0 mm 8.0 mm) was harvested using a diamond disk bar from the right tibia of each rat for veneer grafting (hereafter referred to as VN) of autogenous bone. Then the graft material was implanted on the left tibia of the same animal (n = 9) as a VN. After implantation, soft tissue was finally returned to its original position and sutured with 5-0 nylon threads. All animals were maintained on a soft diet during the perioperative period.
CT imaging
The left tibia of each rat was observed using in vivo microcomputed tomography (R_mCT ® system; Rigaku Co., Tokyo, Japan) 24) . Before the imaging procedure, the rats were anesthetized with isoflurane (DS Pharma Animal Health Co. Ltd., Osaka, Japan). Radioscopy was performed in the horizontal and vertical directions, and the tibia was confirmed to be at the center of the field of the vision. The exposure conditions were 17 seconds at 4.0 magnification power, and 90 kV/100 mA. The same monitor was used to create uniform brightness at the time of image evaluation. The images were obtained immediately after surgery (0 weeks) and 4, 8 and 12 weeks later. These images were constructed using image reconstruction software (i-VIEW-R; Morita Co., Kyoto, Japan).
Amount of bone augmentation
Three distances (Fig. 2 ) at the bone cross section that was increased most were measured immediately after surgery (0 weeks) and 12 weeks later. Proportion of bone augmentation was calculated as the ratio of 12 weeks to 0 weeks. The data are expressed as the average ± standard deviation (SD).
Mechanical test
A schematic drawing of the mechanical test setup of a universal testing machine (Type 5567; Instron Corp., Canton, MA, USA) is shown in Fig. 3 . The tibia was excised, and the surrounding tissue was removed at 4, 8 or 12 weeks after implantation. The VN group was used as the positive control. The specimens were set so that the grafting area was exposed on the top surface. A 2-mm rod was preloaded onto the surface of the implantation area or bone graft site at 1 kN force. The specimen was loaded at 3 mm/min, and stopped when displacement reached a depth of 0.35 mm to avoid destruction of the specimen. Force-displacement changes in the bone augmentation site were observed and mechanical strength (MPa) was calculated from the slope of the linear region of the resulting force-displacement curve. Measurements were performed at three points. First point was at the center of the grafting site, and other two points were both ends of first point. Distance between points was each 2 mm. The average value of the three points was considered the representative value of each sample. The sample size was n = 3 per group. The data are expressed as the average ± SD.
Histological observation
After mechanical testing at 4, 8, and 12 weeks, the specimens were resected and fixed in 4% paraformaldehyde phosphate buffer solution. The specimens were large enough to contain the implantation site. The specimens were decalcified in 10 % EDTA (Dojindo, Kumamoto, Japan) for 14 days at 4 °C, and then dehydrated in a graded series of ethanol and embedded in paraffin. The embedded specimens were sectioned transversely at a thickness of 8 μm. The sections were stained with hematoxylin and eosin. Histological observation was performed under a light microscope equipped with a morphometric system connected to a personal computer.
Statistical analysis
Comparisons between groups were performed using one-way analysis of variance (ANOVA). Multiple comparisons were performed using Scheffe's method. A value of p < 0.05 was considered statistically significant.
Results
Observation of CT images
Multiple tetrapod-shaped opaque images were observed in the TB group immediately after surgery (0 weeks) (Fig. 4) surrounded the TB granules under the periosteum. At 8 weeks, newly formed bone had increased in size and covered the outside surface of TB. At 12 weeks, the tibia cross-sectional diameter had increased.
Immediately after surgery, the position of the HA granules was unchanged. At 4 weeks, the radiopaque area was also observed to surround the HA granules. At 12 weeks, the tibia cross-section diameter increased. The surface of HA aggregates was not smooth as compared with that of TB aggregates.
In the P group, the radiopaque area was observed under the periosteum at 4 weeks. Part of P had been absorbed. At 8 weeks, P was connected with the cortical bone of the implantation site.
At 12 weeks, the surface of P appeared as smooth as that of TB aggregates.
VN graft was integrated into the existing bone at 4 weeks. However, at 12 weeks, the bone graft appeared to have been absorbed to some extent. The surface of VN appeared as smooth as that of TB aggregates.
Ratio of augmented bone height
The ratio of augmented bone height (h1) of TB, HA, P and VN groups was 1.03 ± 0.03, 0.91 ± 0.06, 0.82 ± 0.15 and 0.54 ± 0.01, respectively (Fig. 5) . The ratio of VN was significantly lower as compared with TB (p = 0.026). There were no significant differences between other groups.
Ratio of bone marrow height
The ratio bone marrow height (h2) of TB, HA, P and VN groups was 0.94 ± 0.12, 1.03 ± 0.19, 0.91 ± 0.05 and 0.90 ± 0.20, respectively. There were no significant differences between groups.
Ratio of the sum of the tibial outer diameter and the graft's height
The ratio of sum of the tibial outer diameter and the graft's height (h3) of TB, HA, P and VN groups was 1.15 ± 0.09, 1.04 ± 0.08, 0.97 ± 0.04 and 0.83 ± 0.16, respectively. The ratio of the TB group was significantly larger than that of the VN groups.
There were no other differences between groups.
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This ratio indicated the proportion of existing bone increase.
The ratio of TB, HA, P and VN groups was 1.76 ± 0.45, 1.37 ± 0.45, 1.11 ± 0.02, 1.28 ± 0.16, respectively. Compared with other graft materials, TB tended to increase the height of the existing bone at 12 weeks, but the difference was not statistically significant.
Mechanical test
The mechanical strength of TB and HA was increased gradually in 12 weeks (Table 1, Fig. 6 ). P group was increased at 8 weeks, and VN maintained high strength. At 4 weeks, the strength of VN was significantly higher than that of TB, HA and P . The strength of TB was also significantly higher than that of HA and P . At 8 weeks, the strength of VN was significantly higher than that of HA, but there were no other significant differences. At 12 weeks, the strength was significantly higher in TB and VN, compared with HA and P .
Histological observation
Histological observation was performed at 4, 8 and 12 weeks after surgery on rat tibia (Fig. 7) . In the TB group, immature bone tissue (arrow) was formed around TB at 4 weeks. At 8 and 12
weeks, TB granules were surrounded with dense bone tissue. In the HA group, connective tissue and new bone invaded HA granules at 4 weeks. The percentage of new bone increased (arrow) at 8 and 12 weeks. In the P group, immature bone tissue (arrow) was formed around P at 4 weeks. At 8 weeks, P was partially replaced by new bone. In the VN group, absorption of VN started at 4 weeks. At 8 weeks, bone remodeling was similar to that of P .
Discussion
In this study, we demonstrated infection-free bone augmentation using TB in rats. Our experiments showed biocompatibility and osteoconductive capacity similar to those of previous studies [19] [20] [21] [22] [23] . Most studies of artificial bones of granular or paste type have examined bone conduction and focused on filling bone defects. In this study we focused on augmentation of flat bone area. Study of bone augmentation using periosteal distraction device 25) or titanium screws 17) have already been reported in animal experiments. Shape stability of bone grafting is easy to obtain by using a surgical plate or surgical mesh in clinical case. However, we evaluated subperiosteal bone augmentation by bone material alone without depending on them.
Some differences in the process of bone formation were found among different types of graft material.
TB granules remained at the graft site by forming aggregates. The surface of the top of the transplantation area was considerably smooth. Conversely, HA granules showed a tendency to scatter and the surface of the transplantation area lacked continuity. There is a difference in the shape and size of granules of TB and HA. TB granules are tetrapod-shaped and uniform in size. TB granules built connected inter-granular pores of 100-300 μm size as an effective scaffold for cells and vascular invasion and promoted more new bone formation 19) . The particle size of HA is about 0.5-1.0 mm and shape is irregular. HA has 75% porosity, with macropores of 50-300 μm 2) .
Tamai et al. 1) reported that new bone formation with HA was seen in all pores at 6 weeks in the case of drill hall defect. Repairing of bone defects with TB also led to new bone ingrowth [20] [21] [22] [23] . In this study, TB showed new bone growth into the intergranular pores at 4 weeks, but HA showed bone growth both into the intragranular and intergranular pores at 8 weeks. These results indicate that new bone ingrowth in intergranular or intragranular pores at early stage was required to maintain shape stability. Furthermore, we speculate that bone conduction might become easier with shape stability. In addition, both groups had h3 -h2 -h1 > 1.0. This result showed that both groups keep the height of bone amplification at 12 weeks, but raised the possibility that existing bone becomes thicker by implanting TB rather than HA.
We considered that if granules would have uniform morphology 19) , it would reduce risk of their mound collapse caused by an external or mechanical force in the case of bone augmentation at flat site. Throughout the 12 weeks of the study, TB recorded greater rigidity than HA. From these, we conclude that TB has excellent stability at the site where a large load is applied, compared to HA which is currently used in the clinic.
Our results with P are in line with previous research 6) showing bone replacement seen in the vicinity of the boundary to the host bone. In addition, the surface of P transplantation area was regular, similar to TB, and we confirmed good bone conductivity. However, the h1 value of P was below 1.0. These data showed that P was absorbed to some extent at 12 weeks after implantation. They also suggest that it is difficult for P to maintain the height of bone augmentation in a flat area compared to TB.
In VN, the surface of transplantation area was regular in shape. In the case of onlay graft, Donos et al. 26) reported that the height of the graft as control group was reduced and active absorption had occurred at 60 days. Phillips et al. 27) reported that completely or partially bone absorption occurred when they implanted veneer graft without screw fixation. In our study, the height of grafting of VN became approximately half of its original value at 12 weeks, and was significant lower than the ratio of TB.
These data reveal that it is hard to keep the amount of augmentation using VN in 12 weeks. The stiffness of TB almost reached that of VN. These findings raise the possibility that TB can be used as a substitute for autogenous bone graft.
In oral and maxillofacial surgery, autogenous bone grafts or bone substitutes are required in order to augment alveolar ridge and sinus floor before treating dental implant or dentures. The possibility of TB as a tissue scaffold for augmentation of alveolar ridge, however, has never been revealed well before. In our result, TB showed good potential to shape stability of bone augmentation compared to other groups, and it has the mechanical strength at the comparable level to VN at 12 weeks in transplantation area.
Because TB alone has a limitation at huge flat bone area which requires continuous height, the next step will be to pursue valid scaffolding material which can be used in combination with TB in order to assure the enough amount of bone augmentation.
In conclusion, TB showed advantages over other commonly used artificial graft materials. These findings support the clinical application of TB to treat bone augmentation.
